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Itiswell known (e.g., Budden, 1985, and Davies, 1965) that the ionosphere
introduces frequency-dependant delays for radio signals that transit the ionosphere. For
frequencies close to the plasma frequency these delays can become substantial. The
difference in delays of the Ordinary (O) and Extra Ordinary (X) signals can also become
large. For these frequencies, an additional delay that is afunction of an inverse fourth
power of frequency can be observed. This additional delay isafunction of the peak
electron density (Roussel-Dupre et al., 2001). Thus, by measuring the delay as a function
of frequency over alarge range of frequencies above the plasmafrequency it is possible
to estimate the slant total electron content (tec), gyro frequency (g) and peak electron
density (Ne) of the ionosphere.

The FORTE satellite (Massey et a., 1998, Jacobson et al., 1999) is an excellent
platform to make measurements of these delays. Previous studies (Massey et al., 1998,
Roussel-Dupre et al., 2001) used short impulsive signals from the Los Alamos Portable
Pulser (LAPP) (Massey et al., 1998) to derive the parameters of the ionosphere from a
series of LAPP pulses as the as the satellite passed overhead.

This paper will explore the derivation of accurate parameters using the correlation
of the received signal with an impulse that has transited an assumed ionosphere. With this
methodology, in addition to deriving the parameters of the ionosphere, it will be shown
that the pulse widths of short over-water CG- lightning pulses previously reported
(Weidman and Krider, 1980, Levine et al., 1989, Jacobson, 2000 and Jacobson et al.,
2001) can be determined.

Dispersion Equation - Original Version

The basic dispersion equation derived by Roussel-Dupre et a. (2001) with
different term definitions and the inverse fourth power of frequency term modified and
simplified is:
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Where:
Delayisin g sec
aisaconstant = 13445.
tec is the slant total electron count in units of 10" electrons / meter
f isthe frequency of interest in MHz.
gisin MHz where
g = Blcos©
B isthe angular gyro frequency of an electron
© isthe angle between the wave normal and the geomagnetic field
The double sign accounts for the ordinary(O) and extraordinary(X) waves



The equation used for d is:
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tecO T h
Where:

60 ~ g OaOc 0™ (so that distances can bein 10° meters)

Where: ¢ = 300 meters/ i sec

T isthe vertical slab thicknessin 10° meters

h isthe satellite altitude in 10° meters (~ 8)

tecO isthe vertical total electron count

=tec* cos(Z') where:
z isthe zenith angle at the event
Z' isthe angle between the event satellite line at the
ionosphere center line and the vertical to earth.
A typical value for the ionosphere centerline is 300 km.

Since neither tecO nor T will vary significantly during a pass (while both tec and z
will), the value of d determined for one event on a pass can be used as afirst estimate for
the other events on the same pass. Typical values of T are from 2 to 4.

The maximum electron density (Ne) can be determined from:

Ne= tecO (in units of dlectrons Euolz)
T meter

3

Dispersion Equation — Assumptions Used

1) The ionosphere can be represented by a simple slab of electrons with a peak
value equal to the maximum electron density (Ne) and the thickness (T) set so that the
total number of electronsisthe total electron count (tec).

2) The delay of an impulsive signal as aresult of transiting the ionosphere can be
accurately described by an equation consisting of three inverse frequency dependent
terms, a quadratic, a cubic and a quartic.

3) The correct values for the coefficients for this equation are the same for the
ordinary (O) and extraordinary (X) signals except the sign of the cubic term isreversed
for the X signal.

4) The correct values for the coefficients can be determined by curve fitting
(correlating) the signal with asignal generated by passing an impulse through an
ionosphere described by the dispersion equation.

5) More accurate values for the coefficients can be found by using data from both
the Low band (26 — 48 MHz)and High band (118 — 140 MHz) signals.

6) There are no significant frequency dependent delays in the FORTE Data
Acquisition System



Dispersion Equation — Required M odifications
Slab M odel

In the dispersion equation noted above the term d is not accurate since the
guartic term is afunction of the square of the electron density and thus using a
constant term for electron density integrated across the slab thickness will cause
erroneous results. As a simple modification to minimize this problem the original
slab model is replaced with atriangular shaped model as shownin Figure 1. Itis
not necessary for the triangle to be symmetrical. With this model the quartic delay
would be 2 / 3 of the value found using the original slab thickness model.
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Roussel-Dupre et al. (2001) took the electron density datafrom the
International Reference lonosphere (IRI) code and then cal culated values of tec, g,
T, Ne, and quartic delay at 100 MHz (q) using the LANL TIPC code. Since the
computations consisted of an integration of electron density along the slant path
from the LAPP site to the satellite using an accurate dispersion equation, it is
expected that the calculated values should be accurate.

From the derived value of g, d may be computed from

4
d (actud) = —mgl\é?ezc 3Dq



Ratio of Quartic(true) to Quartic(derived)

Then using the equation derived above with the computed values of tec
and T and the zenith angle Z' an estimated value of d can be determined. The ratio
of these two valuesis plotted in Figure 2. Thisratio can be used as a correction
factor to arrive at amore accurate equation for d.
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d (corrected): =d * k1/ k2

Where:

k1=0.7016 and
k2 = cog(z')*%

While this empirically derived correction term was obtained from only 31
events on three days and near LANL, the fact that the fit is so good even though
the values of tec, g and zenith angle vary widely is encouraging. Also the factor k1
isvery closeto 2/ 3 as expected from the triangular dispersion model.

Thus the final expression for d to be used to calculate the peak electron
density and slab thicknessis:

_ 60 _ 07016 (1 sm(z))

tecO cos(z Yo%



Frequency Dependant Delays

When ionosphere constants for TATR - LAPP test data were derived using
only low band data, the resulting values of Ne for small tecs and zenith angles
were much too large to be credible. However when data from the high band was
also used, while the derived values for Ne now looked reasonable, the maximum
correlation values were significantly smaller (~ 10 to 20 %). Clearly something
was wrong.

The sixth assumption was changed to allow afrequency dependent delay
as plotted in Figure 3. With this assumption, not only were reasonable val ues of
Ne found at the maximum correlation, the maximum correlation was even larger
than the previous maximum correlation (~ 10 — 20%).

While the cause and location of the delay (probably in more than one
place) are not known, the fact that the datalook so good implies they must exist.
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Correction factor xkO

The algorithms to find the correct values for tec, g and d use the geometric
mean of the maximum O and X correlation values. In deriving ionosphere
constants for the 59 LAPP tests, it was found that the values of tec for the O and
X maximum correlation were often dlightly different than the tec from the
geometric mean. This difference in the best O and X tecs varied smoothly across a
pass from a positive to a negative value. Figure 4 shows this effect for a series of
events on May 14. The values of the tec errors, the empirically derived value for
xk0 and the values of g are plotted as a function of latitude (latitude was selected
since it varies smoothly across a pass) in Figure 5.
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Thetec error could be corrected by including asmall ¥ ]/ f ¥ term with an

empirically selected coefficient. With this addition, the derived values for tec and
d did not change significantly, however the value for g was decreased for events at
large zenith angles. However it was noticed that the value of g derived without the
inclusion of this correction were significantly larger than the correct values as
found from the IRI datain the report by Roussel-Dupre et al. (2001) , (See Figure



100

60

20

-20

20

6). It appears that this correction is proper, except that the corrected value of g is
now too small for large values of tec. It seems that the use of this xkO correction is
an improvement but is obviously not the only or final correction needed. However
to try to do better is probably not worth the effort. For the best estimate of gitis
suggested that;

1) For values of g greater than 0.5 take the average of the values found

using xk0 = 0.0 and the correct value of xkO.
2) For valuesof glessthan 0.5 use the value found with xkO = 0.0

Thus the required correction is:
_30alxk0
Delay = +T
A first guess for xk0 can be found from:
xkO ~tec* (tec* g—1.4)

It should be noted that the xk0 correction issmall. If al that isdesired isa
reconstruction of the original signa, it is not necessary to find xk0, but simply set
xk0 to 0.0 (or aguess) and use the tec values that result in the largest correlation
value.

Undoubtedly certain that this correction term is not absolutely correct. The
result from including some of the termsleft out in the derivation of the dispersion
equation would surely be different. However it islikely that the results obtained if
the correct terms were used would be similar to what is found here.
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M ethodology Used

The basic method used to find the correct values for tec, g, d and xk0O is an
automated iterative search. Since alarge number of FFTs are required, it is best to use
only the data that include the infinite frequency arrival time and the dispersed signal. In
thisway tec, g and d values for an event with atec <~ 2 can be found in 2 — 3 minutes on
a1.3GHz PC. Events with atec ~ 4 will take twice aslong and events with atec ~ 8 will
take twice as long again. An adequately accurate value for xk0 can usually be found in
two or three more passes.

To run the agorithm;

Initial guesses for d and xk0 are made. It is not necessary that these
guesses be very good, however the processing time is reduced if better guesses are
available. Then gisassumed to be 0.0 and correlation values for alarge range of
tec values are derived. There will be two maximums found, corresponding to the
X and O signals. Thefirst estimate for tec is the average of the two maximum
values and the estimate for g is alinear function of the difference of these two
values.

Using thisfirst estimate for g, the geometric mean of the correlation value
of the O and X signals for a number of tec values near the estimated value are
generated to find a maximum. Then g is changed slightly and the process repeated
until the value of g isfound which resultsin the largest possible correlation value
of the O and X geometric mean.

Using these values of tec, g and d the infinite frequency arrival time of the
high band signal isfound. If thisvalueis not the same as the value found for the
low band signal, then anew value for d istried and the whole process is repeated.
Iterations continue until the value of d isfound which results in the same infinite
frequency arrival time for both the low and high band signals.

Finally, using the derived values of g, d, and the estimate for xkO0, the
values of tec that result in the largest correlation for the O and X signals are
found. If these values of tec are not the same then new values of xkO0 are tried until
the tec values found are the same.

It should be noted that this method relies on being able to find the O and X
maximums when g is set to 0.0. While thisis true most of the time, often when the value
of gissmall and theratio of the X signal to the O signal is also small, the method fails.
Improvements to the algorithm to account for this problem are being pursued.



Relative Correlation

Results

Using the methodol ogy described above, a number of LAPP signals were
analyzed. The resulting correlation versus time plot for atypical event is shown in
Figures 7 and 8. The broader high band signal is aresult of the overlapping of the O and
X signals. While the LAPP pulse width isless than 20 ns, the ~50 ns width seenis
defined by the 20 MHz TATR bandwidth.
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The pulse widths of the 59 events from atotal of six passes are plotted as a
function of tec and zenith angle in Figures 9 and 10. It is obvious that the widths observed
increase as a function of tec and/or zenith angle. It is believed that thisincrease is caused
by:

1) Difficulty in providing good results for small values of g,

2) Decreasein g/nratio at large zenith angles and/or

3) Failureof thetriangular slab model to accurately describe the ionosphere at

large zenith angles.
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The ratio of the O correlation amplitude to the X correlation amplitude for a series
of LAPP passesis plotted in Figure 11. The reason for the ratio being greater than one
most (but not all) of the time is unknown. Also the ratio seemed to be essentially constant
(at ~ 1.75) on some of the passes but increases with decreasing latitude at other times.
These results deserve further study.
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The ionosphere parameters for the 59 LAPP events were derived using the
methodology described above. The zenith angle, slant tec and the longitudinal component
of the gyro frequency (g) for one of the passes are plotted versus FORTE latitude in
Figure 12. The values of vertical tec, lab thickness, peak electron density and the quartic
constant d for the same pass are plotted as Figure 13. An indication of the quality of these

data can be estimated from:

1) All the parameters should vary smoothly across a pass. Thus any
scatter from a smooth curveis an indication of errorsin the process.
The major causes of such errors are small values of g, low /n ratios
and very large zenith angles. The values of slab thickness and peak

electron density, being derived from the small ]/ f* term are most

subject to these errors.

2) There should be no dependence on zenith angle for the parameters
vertical tec, slab thickness or peak electron density. Thus any observed
variation indicates an inherent error in the methodology. It seems that
thiskind of error is minimal for zenith angles less than about 75

degrees.
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It has been observed (Weidman and Krider, 1980,Levine et al., 1989, Jacobson,
2000 and Jacobson et al., 2001) that CG- strokes over water produce very narrow signals
with pulse widths on the order of 60 — 100 ns. With the ability to resolve pulse widths as
small as 50 nsfrom TATR data using this methodology, it should be possible to measure
the pulse widths of these events from a satellite. The signals reported by Jacobson
(Jacobson, 2000 and Jacobson et al.., 2001) were examined using the methodology and
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the results are plotted in Figures 14 — 17. It appears that the peak correlation routine
introduces artifacts as skirts on the correlation signal, but a pulse width estimate of less

than 100 ns but greater than 50 nsis reasonable.
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The same methodology has been used to look at the 300 msps HUMR data from
the FORTE satellite. The resulting correlation signal from atypical LAPP test is shown as
Figure 18. The narrower pulse width (~25 ns) isaresult of the broader bandwidth of the
HUMR system. It is planned to ook at some CG- eventsto try to derive more accurate

values of CG- event pulse widths.
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